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Abstract

Methane (CH,) mixing ratios in the northern Pacific Basin were sampled from two
aircraft during the TRACE-P mission (TRAnsport and Chemical Evolution over the Pacific)
from February through early April 2001, yielding a high-resolution, high-precision data set of
roughly 13,800 measurements for this chemically and radiatively important trace gas. Mixing
ratios ranged between 1602 ppbv in stratospherically-influenced air and 2149 ppbv in highly
polluted air. Overall, CH, mixing ratios were highly correlated with a variety of other trace gases
characteristic of a mix of anthropogenic industrial and combustion sources and were strikingly
correlated with ethane (C,H) in particular. Averages with latitude in the near-surface (0-2 km)
show that CH, was elevated well above clean, background levels north of 15°N close to the Asian
continent. In the central and eastern Pacific, levels of CH, were lower as continental inputs were
mixed horizontally and vertically during transport. Overall, the correlation between CH, and
other hydrocarbons such as ethane (C,Hy), ethyne (C,H,), and propane (C;Hy) as well as the
urban/industrial tracer C,Cl,, suggests that for CH, co-located sources such as landfills,
wastewater treatment, and fossil fuel use associated with urban areas dominate regional inputs at
this time. Comparisons between measurements made during TRACE-P and those of PEM -
West B, flown during roughly the same time of year and under a similar meteorological setting 7
years earlier, suggest that although the TRACE-P CH, observations are significantly higher, the

changes largely parallel increases seen in background air over this time interval.

1. Introduction



The increasing industrialization occurring throughout the Asian continent has spurred a
series of research efforts over the past decade, attempting to assess how these quantitative and
qualitative changes in emissions have affected the global atmosphere. These efforts have
included NASA’s PEM West A and B missions, flown in 1991 and 1994 respectively, which
examined the effects of seasonal differences in meteorology, transport, and source strengths on
air quality over the Pacific Basin (see Hoell et al., 1997 for summary). The most recent research
program conducted over this region is that of TRACE-P (TRAnsport and Chemical Evolution
over the Pacific), focused on improving our understanding of how outflow from the Asian
continent affects the composition of the atmosphere over the Pacific and assessing the changes
that have occurred since PEM West, as rapid industrialization and increased energy usage have
continued (Streets et al., this issue). TRACE-P is the latest in a long series of aircraft missions
flown by NASA as part of its Global Tropospheric Experiment (GTE) which have undertaken to
both characterize the natural processes controlling the chemistry of the troposphere and to
determine how anthropogenic perturbations have affected this chemistry. Building on the earlier
PEM West missions, TRACE-P was flown from late February - early April of 2001, when
continental outflow to the Pacific Basin was expected to be near its peak due to strong westerly
transport and active convection over Asia (Merrill et al., 1997). Matching the timing of TRACE-
P to that of PEM - West B (February-March 1994) also provides an opportunity to compare
results under similar meteorological conditions and to focus on possible changes in emissions
over the intervening 7 years.

Methane (CH,) is the most abundant atmospheric hydrocarbon, with a lifetime of roughly

9 years (Prinn et al., 1995). Although atmospheric levels of CH, are much lower than CO,, the



fact that CH, absorbs outgoing radiation more efficiently means that change in its atmospheric
significantly impacts climate change. Methane plays important radiative and chemical roles in
both the troposphere and stratosphere and has undergone a variable and poorly understood
increase over the last several hundred years (Dlugokencky et al., 1994, 1998; Gupta et al., 1996;
Francey et al., 1999; Bréaunlich et al., 2001). Sources of CH, are both natural and anthropogenic,
and are linked to climate variables such as temperature and rainfall as well as human populations
and energy usage. Ongoing changes occurring over the Asian continent in population, land use,
and the quality and quantity of energy used will significantly impact the release of CH, (Streets et
al., 2001).

Because TRACE-P was flown in the Asian spring, CH, emissions from natural wetlands
and rice paddies, calculated to be the single largest anthropogenically-controlled source in the
region (Streets et al., 2001), are expected to be near seasonal lows. Temperatures and rainfall,
major controls on emissions from wetlands, are relatively low during spring and the seasonal
planting of rice is just commencing (Matthews et al., 1991; Yao et al., 1996; Khalil et al., 1998).
Sources of CH, would therefore expected to be dominated by those associated with urban and
industrial centers such as landfills, wastewater treatment, and fuel usage. Also important is the
release of CH, during biofuel and biomass burning through incomplete combustion. In more
rural areas, CH, produced during enteric fermentation by ruminants such as cattle makes a
significant contribution. Assuming paddy emissions are near zero during the TRACE-P time
period, annual inventories for anthropogenic CH, sources compiled for China and southeast
Asian nations according to [PCC guidelines for the year 2000 (Streets et al., this issue) indicate

that co-located urban/industrial sources (landfills, wastewater treatment, fossil fuel usage) would



release roughly 38% of total emissions. Animal populations and coal mining, distributed more
diffusely and in more rural regions, release on the order of 45%. Biomass burning, a seasonally
varying source that should be beginning to decrease from its winter seasonal maximum (Hao and
Liu, 1994; Cooke et al., 1996; Randriambelo et al., 2000) and biofuel burning (Brocard et al.,
1998; Lelieveld et al., 2001), are estimated to contribute roughly 17%. The relative importance
of various CH, sources varies widely between countries as well as between regions in large
nations such as China, and therefore characteristic source trace gas signatures can vary widely for
CH, depending upon individual air mass trajectories. For example, Heald et al. (this issue)
suggest that biomass burning in southeast Asia over the TRACE-P period of late spring was near
its seasonal peak.

In this report, we discuss a high-precision, high-resolution CH, data set sampled during
the TRACE-P mission. Roughly 13,800 measurements, ranging from the near-surface to roughly
12 km altitude, were made and range from 1602 ppbv in stratospherically influenced air to 2149
ppbv in highly polluted air. Methane mixing ratios were highly correlated with a variety of other
trace gases characteristic of a mix of industrial and combustion anthropogenic sources. Below
we give a brief overview of the TRACE-P mission, followed by a description of the CH,
sampling methodology. Section 4 describes the spatial distribution of CH, over the northern
Pacific during TRACE-P, while section 5 compares the measurements to those made during

PWB, seven years earlier under similar meteorological conditions.

2. The TRACE-P Expedition

The TRACE-P mission used two NASA aircraft, a DC-8 with a maximum sampling



altitude of about 12 km and a P-3B with a maximum sampling altitude of about 7 km, and
sampled most intensely between roughly 20°N and 40°N. Flight tracks and a description of the
instrumentation and its characteristics can be found in Kleb et al. (this issue). Sampling was
conducted from 23 February through 9 April, 2001, slightly later by several weeks than that
conducted during PEM - West B (hereafter noted as PWB), which was flown 25 January - 16
March 1994. As detailed by Fuelberg et al. (this issue), TRACE-P was flown during the
transition period between air flows characteristic of winter to those of spring. The ITCZ
(Intertropical Convergence Zone) was not well developed during the mission and the Japan Jet,
located at about 35°N and extending west back to Africa, was relatively strong, as is typical for
this time of year. Areas of widespread precipitation covered the middle latitudes of the North
Pacific Basin during the mission, some in association with lightning and the rapid transport
characteristic of deep convection. TRACE-P sampling occurred during neutral to weak La Nina
conditions (Fuelberg et al., this issue) and flow patterns and precipitation appear to be quite

similar to the meteorological conditions observed during PWB.

3. Methodology

Methane was sampled on both the DC-8 and P-3B aircraft during TRACE-P, using the
DACOM I and II instruments (Differential Absorption CO Measurement) respectively. These
instruments are tunable diode laser systems (Sachse, 1987; 1991) which simultaneously measure
CH,, CO, and N,0O. The same instrument system was used during PWB. DACOM uses three
lasers (4.7, 4.5, and 7.6 microns for CO, N,O, and CH, respectively) which are combined with

optical filters and directed through a 0.3 1 Herriott cell containing a 36 m long optical path. After



exiting, the laser beams are spectrally isolated and directed to separate LN,-cooled InSb and
HgCdTe detectors. A wavelength reference cell containing several torr of each of the gases is
used to wavelength lock each of the lasers to the appropriate absorption lines. After being drawn
through a permeable membrane dryer to remove water vapor, ambient air enters the Herriott cell,
the volume of which is exchanged twice a second, assuming piston flow. The Herriott cell is
maintained at 100 torr to minimize potential spectral overlap from other atmospheric species.
For typical ambient atmospheric levels, the absorption signal magnitudes are proportional to the
mixing ratios of the three measured gases. Calibration of instrument response is performed by
periodically flowing calibration gas with known near-ambient concentrations and zero air
through the Herriot cell. Calibrations are performed approximately every 12 minutes with
NOAA/CMDL calibration cylinders. Accuracies of the working standards are + 1% for CH, and
+ 2% CO. Consistency in the use of NOAA/CMDL standards on both the TRACE-P and PWB
missions permits direct comparison of the samples collected on the missions, as well as with
those collected as part of the CMDL clean air network.

Although CH, measurements are made every 5 s, we have averaged the data to 60 s to
integrate with other data sampled on the aircraft. Measurement precisions for CH, of + 0.15% (1
standard deviation) were obtained during TRACE-P. Methane data collected on the two aircraft
are archived in their original resolution and can be obtained from the NASA-Langley Distributed
Active Archive Center or through the GTE homepage (http://www-gte.larc.nasa.gov).

Instrument problems during the early part of the mission, in particular the DC-8 transit
flights from Dryden CA to Kona HI (flt 4) and Kona to Guam (flt 5), prevented the collection of

DACOM CH, data on these flights. However, whole air samples were collected by the
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University of California at Irvine (UCI) for subsequent hydrocarbon and halocarbon analysis and
these CH, data are available for some of this period. Details on sampling procedures used by the
UCI group are given in Blake et al. (this issue) and Blake and Rowland (1988). Combining the
UCI and DACOM CH, data sets however, requires cross-calibration. Using the merged 60 s
data, 462 “simultaneous” samples for which there are both UCI and DACOM measurements are
available from DC-8 flights 7, 8, and 9. As would be expected, these data are highly correlated,
with a small number of outliers likely due to differences in sampling intervals and/or high
variability in the air being sampled (Fig. 1A). However, although highly correlated, a consistent
bias from a 1:1 regression line is apparent and is most likely the result of the known difference in
CH, reference standards between NOAA/CMDL (used by DACOM) and NIST (used by UCI).
Differences between simultaneous samples averaged 9 ppbv (UCI higher than DACOM) and
were normally distributed, as expected for a simple calibration offset (Fig. 1B). Given the
excellent correlation, the UCI data can be “normalized” to DACOM values and included with

confidence for those periods during which the DACOM system was off-line.

4. Methane over the North Pacific Basin

The regional distribution of CH, is illustrated in Plate 1, which shows 2.5° x 2.5°
latitude/longitude averages for all of the data, divided into three altitude ranges, a lower, well-
mixed boundary layer of 0 - 2 km, the mid-troposphere of 2 - 6 km, and the upper troposphere,
above 6 km. Because CH, sources are almost exclusively located on the continents and are
greater in the Northern Hemisphere, mixing ratios would be expected to decrease with increasing

altitude, with distance offshore, and with decreasing latitude. In addition to these general trends
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seen in the TRACE-P data set, Plate 1 clearly demonstrates the elevated mixing ratios extending
over a broad range of latitudes off the Asian continent as material is transported from Asia and
further west into the basin. Concentrations decrease as long-lived trace gases such as CH, are
moved away from source regions, and inputs are mixed vertically and horizontally at relatively
rapid rates compared to photochemical loss. We can divide the area sampled during TRACE-P
longitudinally to examine these trends as continental outflow is advected across the North Pacific
Basin by the dominant westerly flow (Fuelberg et al., this issue). Here, we break the region into
two longitudinal classes, the Western Pacific, ranging from the coast of the Asian continent to
160°E, and the Central/Eastern Pacific, from 160°E to the North American coast. As Plate 1
illustrates, the sampling effort during TRACE-P was concentrated largely within the Western
Pacific class, and the majority of the data from the Central/Eastern Pacific class was obtained
during transit flights.

One of the primary concerns when characterizing the distribution of an environmental
variable like CH, sampled over a large area such as the Pacific is evaluating how representative
the intensive, but relatively brief sampling is of the regional distribution. This evaluation is
particularly critical if the derived distributions are to be compared to other times or areas. As
detailed in Jacob et al. (this issue), flights conducted during TRACE-P and other similar aircraft
missions were designed to meet a variety of objectives, only one of which is a regional
characterization. One way to approach this problem is to compare the sampled three-
dimensional distributions with those derived from models, integrated on a variety of temporal
and spatial scales (see Bey et al., this issue; Schultz et al., this issue). The representativeness of

sampled distributions based on the much sparcer PWA and PWB data sets has been examined in
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some detail by Ehhalt et al. (1997), who concluded that the distributions were reasonable
descriptions of the “true” average pattern of concentrations, despite incomplete and irregular
sampling. Although clearly every aircraft mission differs, the use of two aircraft and the much
more geographically extensive sampling performed during TRACE-P suggest that the derived
distributions, as shown in Plate 1, are an adequate representation of true geographic patterns over
the sampling period.

Averages shown in Plate 1 include the entire data set and therefore include observations
which were affected by inputs from the stratosphere. Although most frequently seen at altitudes
above 6 km and latitudes above 35°N, stratospherically-impacted air was observed at a variety of
locations throughout the mission and serves as a mechanism introducing very low CH, mixing
ratios to the troposphere (Browell et al., this issue). These significantly lower mixing ratios,
however, can mask the variability due to mixing and transport that is the focus of TRACE-P. For
this reason, we have elected to remove observations identified as having significant stratospheric
inputs from subsequent analysis. As shown in Figure 2, air with a significant stratospheric
component has a distinctive signature, with elevated O, and low CH, and CO, among other trace
gases. Here, we removed from further analysis all observations with low CH, and O, levels
greater than about 100 ppbv, or with CH,/O, ratios less than about 20, a total of about 450
observations. These values form a well defined group that overlaps the distribution of mixing
ratios at upper altitudes but is distinct (Figure 3).

4.1 Variability with Latitude
Methane exhibits a well-known, seasonally varying latitudinal trend in background

surface-level mixing ratios, from high values in the Northern Hemisphere to lower levels in the
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Southern Hemisphere (Dlugokencky et al., 1994). Derived from clean air sampling at Climate
Monitoring and Diagnostic Laboratory (CMDL) ground-level sites, these measurements provide
a way to estimate enhancements due to Asian outflow. As shown in Figure 4A, Western Pacific
average CH, mixing ratios in the lower 2 km are elevated well above Pacific Basin CMDL
background levels north of 15°N; enhancements that range between 38 and 27 ppbv. The largest
differences between CMDL background levels and those sampled in the Western Pacific are
between 15° and 20°N and 30° and 35°N, reflecting outflow from Hong Kong and Japan.
Averages to the south, between the equator and 15°N, were comparable to CMDL site values. At
higher altitudes, mixing ratios are lower than surface background values and decrease with
increasing altitude by a variable amount. Note that low, relatively constant concentrations extend
from 25° to 5°N above 6 km, from roughly 15° to 5°N at 2-6 km, and are absent in the near-
surface; differences reflecting the mixing of northern and southern hemispheric air at upper
altitudes and the northward penetration of southern hemispheric air with characteristically lower
mixing ratios of many trace gases. The air south of 25°N and at altitudes > 6 km averaged CO
levels between 75 and 100 ppbv, mean C,Cl, mixing ratios of ~ 2.4 pptv, and C,H,/CO ratios of
0.9 - 1.3. Latitudinal distributions for a variety of other trace gases including C,H,, C,H,, C,Hq,
and C,Cl, were similar to those for CH,.

At Central/Eastern Pacific longitudes (Fig. 4B), near-surface average CH, mixing ratios
are much lower, and are similar to CMDL background values. They are between 40 and 18 ppbv
lower than Western Pacific averages, with greatest differences to the north and decreasing
southward. Average mixing ratios above 6 km, however, are indistinguishable from those at 2 -

6 km between the latitudes of 25° to 35°N and are actually roughly 10 ppbv higher than averages
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at these latitudes in the Western Pacific. These higher concentrations of CH, are seen in the
bottom panel of Plate 1 between 160° and roughly 180°E and are associated with enhanced CO,
C,H,, CH,CI, and C,Cl,, among other gases. Coinciding with the most intense position of the
Japan Jet (Fuelberg et al., this issue), these continental emissions appear to be rapidly and
efficiently carried at altitude to the Central Pacific.
4.2 Variability with Longitude

Because CH, changes systematically with latitude, any longitudinal trends must account
for this known source of variability. We have therefore grouped the TRACE-P observations into
latitude classes, which largely correspond to trajectory-based source region classes developed
during the PWB mission, Continental North (> 20°N) and Continental South (< 20°N) (Talbot et
al., 1997). The three TRACE-P latitude classes, South (< 20°N, actually 7°N - 20°N), Mid (20°N
- 40°N), and North (> 40°N, actually 40°N - 46°N), subdivide the PWB Continental North group
to permit examination of the most intensely sampled TRACE-P region. As shown in Figure 5A,
data from the North latitude class are spatially sparse and suggest only that mixing ratios fall
offshore. At latitudes south of 20°N (Fig. 5C), concentrations close to the Asian continent are
elevated in the near-surface only and decrease to CMDL background levels beyond 140°E. Five-
day back trajectories for the data used in these averages indicates that those in the near-surface
between 110° and 140°E are predominantly from the north and west over central Asia, and China,
while those above 2 km are dominated by oceanic pathways, more southerly flows from
southeast Asia, or westerly flow extending back to India or Africa. These general trends are in
agreement with those reported in Bey et al. (2001), based on modeling PWB data.

Between 20° and 40°N, elevated CH, is most clearly seen below 6 km and extends to
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roughly 160°E before sharply falling (Fig. 5B). Higher concentrations are also seen off the North
American coast at all altitudes. If a typical average mid-Pacific mixing ratio in the near-surface
is taken to be about 1770 ppbv (Fig. 5B), levels below 2 km and west of 160°E, the Western
Pacific longitude class, have been increased roughly 60 ppbv due to continental inputs. At
altitudes between 2 and 6 km, averages have been increased on the order of 30 ppbv. Strong
longitudinal trends are also seen in averages for other trace gases, a subset of which are shown in
Figure 6. Trends in CH, are particularly well correlated with those of other hydrocarbons such as
ethane (C,Hg; Fig. 6B), ethyne (C,H,; Fig. 6C), and propane (C;H,; data not shown).
Longitudinal variation in CO (Fig. 6A) is similar to CH, but shows only modest elevation off the
coast of North America. Note that the trends in C,H, are more similar to those for CO as would
be expected, since emission ratios for these gases from all types of combustion are very similar
(Blake et al., 1996).

More clearly shown in Figures 5 and 6 are the enhanced levels of CH, and other gases
above 6 km in the central Pacific discussed in Section 4.1. Average C,H,/CO and C;H,/C,H,
ratios, indicators of photochemical processing and mixing, and therefore the relative age of an air
mass (McKeen et al., 1996; Parrish et al., 1992; Gregory et al., 1997), are both elevated in this
region and range from 2.3-2.5 and from 0.12-0.13, suggesting that roughly 2 or 3 days have
elapsed since emission. The use of tracers such as C,Cl,, indicative of urban and industrial
sources (Blake et al., 1997; Wang et al., 1995), and CH,Cl, produced predominantly during
biomass burning (Rasmussen et al., 1980; Blake et al., 1996) can help clarify origins of these
increased levels at high altitude. Based on these tracers (Fig.s 6D and E), elevated levels of trace

gases in the Western Pacific longitudes have a variety of sources, as might be expected, with
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large enhancements in both compounds. At high altitudes over the central Pacific however,
C,Cl, is not particularly high and CH,Cl is strongly enhanced, suggesting that emissions from
biomass burning or the burning of biofuels may be the primary source. Five-day back trajectories
show that most of this air passed across southeast Asia, southern China, and northern India where
significant biomass and biofuel burning occurs (Heald et al., this issue; Lelieveld et al., 2001).

A regional characterization of the North Pacific Basin during TRACE-P for selected trace
gases is summarized in Table 1 for the three altitude classes (0-2 km, 2-6 km, and >6 km), the
three latitudinal classes (< 20°N, 20° - 40°N, and > 40°N), and the two longitudinal classes (110° -
160°E and 160° - 240°E).

4.3 Variability with Altitude

In the preceding sections, we have used large altitude classes to group and discuss two-
dimensional spatial trends. In this section, we examine trends with altitude more closely within
the more intensely sampled West Pacific and contrast them with those from the Central/East
Pacific. As shown in Figure 7A, average CH, mixing ratios at latitudes south of 20°N are
relatively constant above roughly 4 km and increase sharply below. Between the latitudes of
20°N and 40°N, averaged CH, levels are high and increase smoothly throughout the air column.
Mixing ratios are comparable to those south of 20°N only at altitudes above 9 km. In the Central/
Eastern Pacific (Figure 7F), near-surface concentrations are lower than those in the West, and
decreases from the surface to altitudes of approximately 4 km are seen at all latitudes below
40°N. At more southerly latitudes, this decrease continues through the maximum altitudes
sampled. However, for latitudes between 20°N and 40°N, CH, is elevated between the altitudes

of 4 and 10 km. Altitude trends in CH, are strikingly correlated with a variety of other trace
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gases, most notedly those of C,H, (Fig. 7B and G) and C,Cl,, which has sources that are specific
to urban/industrial activities such as dry cleaning and industrial degreasing (Fig. 7C and H).
Although correlations are slightly higher over the Western Pacific, the coefficient of
determination (r*) between these spatially averaged CH, and C,H, mixing ratios is 0.97 and for
CH, and C,Cl, is 0.92 (n=63). The slope of the regression line with C,H, (ACH,/AC,Hj) is 0.05
ppbv/pptv and with C,Cl, is 7.37 ppbv/pptv. Although the relationship with CO is not as tight
("=0.81; n=65), correlation between the two is still excellent overall, with a CH,:CO regression
slope of 0.58, suggesting a mixture of urban (ACH,/ACO ~1; Bartlett et al., 1996) and
combustion sources (ACH,/ACO ~0.1; Scholes et al., 1996; Bartlett et al., 1996; Ferek et al.,
1998). Emissions of C,Hj, largely from the Northern Hemisphere, are believed to be dominated
by natural gas losses and biomass burning (Rudolph, 1995). The tight correlation between C,H,
and CH, would indicate that these sources also predominate for CH, during TRACE-P.

We can further breakdown the Western Pacific longitude class to examine trends in more
detail close to the Asian continent. As demonstrated in Figure 8 for 20° longitude means, there is
clear coherence between average altitude profiles of all the hydrocarbons shown. Elevated CH,
is generally confined to altitudes <4 km west of 120°E. As air is carried away from the Asian
continent, near-surface levels tend to decrease and those at high altitudes tend to increase as
mixing takes place vertically and horizontally. Regression slopes between CH, and C,H,
(ACH,/AC,H,) vary from 0.12 (r*=0.96) in the lower 4 km west of 120°E, to 0.050 - 0.052
ppbv/pptv (120° - 140°E and 140° - 160°E). Although high throughout the region, the slope of
propane to ethane (AC,;H/AC,H,) decreases in a consistent west-to-east pattern; 0.51 (<4 km,

west of 120°E), 0.44 (120° - 140°E), 0.44 (140° - 160°E), and 0.35 (160° - 180°E) as air masses
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begin to age and the shorter lived propane is mixed and photochemically oxidized.
4.4 Plumes and Case Studies

High correlations between CH, and urban/industrial tracers such as C,Cl,, and the striking
correspondence between hydrocarbon species suggest that the entire northern Pacific region is
dominated by these sources during the late February - early April period sampled by TRACE-P.
There were however, air masses sampled that had a variety of trace gas signatures since spatial
heterogeneity for sources is high. In this section, we examine selected examples of elevated trace
gases to investigate source variability in somewhat more detail. Correlations between selected
species for several plumes are summarized in Table 2.

Some of the highest CH, mixing ratios sampled during TRACE-P were seen during the
DC-8 flight 13 when the aircraft intercepted highly polluted air from the Shanghai area over a
period of roughly 50 min. (Figure 9). Methane levels range up to 1983 ppbv within this air mass
and average 1866 ppbv. Finer resolution data using the original 5 s sampling interval capture
higher and more variable mixing ratios. Enhanced levels are correlated with a variety of other
species including CO (ACH,/AC0O=0.22; r*=0.90), C,H, (ACH,/AC,H=0.052 ppbv/pptv;
’=0.84), C,H, (ACH,/AC,H,=0.021 ppbv/pptv; r*=0.81), C;H; (ACH,/AC;H;=0.052 ppbv/pptv;
’=0.73), C,Cl, (ACH,/AC,Cl1,=1.65 ppbv/pptv; r’=0.73), and CH,Cl (ACH,/ACH,C1=0.155
ppbv/pptv; r’=0.81); suggesting a complex mixture of co-located combustion, industrial, and
fossil fuel sources. Because levels of CH,Cl are extremely high (up to 1677 pptv) and the
ACH,/ACO is relatively low, combustion inputs appear to have been sizable. Carbon monoxide
is also well correlated with CH,Cl and regression yields a relatively high emission ratio

(ACH,Cl/ACO=1.24 pptv/ppbv; r’=0.85), but one consistent with those reported by Lobert et al.
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(1991), Blake et al. (1996), and Andreae et al. (1996), particularly for smoldering combustion.
Since the source area of Shanghai is highly urban, biofuel combustion (in cookstoves or for
domestic heating, for example) rather than biomass burning may be the most likely combustion
source.

Two distinctly different air masses were sampled during DC-8 flight 10, while flying in
the vicinity of Hong Kong (Figure 10). Below approximately 4 km, Asian outflow with elevated
C,Cl,, CO, CH,, and other hydrocarbons was observed. Over the course of the flight, the aircraft
repeated intercepted this air mass as a series of spirals were performed. Methane mixing ratios
average 1818 ppbv, range up to 1883 ppbv, and are well correlated with a variety of trace gases
with anthropogenic sources (Table 2). Five-day back trajectories indicate that this low-level air
mass had crossed China from the north and west, after leaving northern Europe and Russia.
Above about 4 km, levels of CH,Cl are elevated (Figure 10), suggesting combustion inputs, and
back trajectories indicate that this relatively well-aged air passed across southeast Asia and
regions to the west as far as India and Africa. The average C,H,/CO and C;H,/C,H; values in
this air mass were significantly lower than those below 4 km (1.58 vs. 2.67 pptv/ppbv, and 0.12
vs. 0.29 respectively), indicating that it was at least several days older. The slope of CH,Cl
relative to CO (ACH,CI/ACO) above 4 km is 0.95 pptv/ppbv (1*=0.69), consistent with biomass
burning values for combustion with a significant smoldering component (Andreae et al., 1996;
Blake et al., 1996). Although also statistically significant, the ACH,CI/ACO slope in the near-
surface air mass is much lower (0.26 pptv/ppbv; 1’=0.67). Consistent with the lower CH,Cl
inputs in near-surface air, the calculated ACH,/ACH,Cl is higher than in air above 4 km (1.20

ppbv/pptv; 1’=0.43, as compared to 0.33; ’=0.41), even though ACH,/ACO values are quite
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similar (Table 2).

Samples collected during P-3B flight 9 in the Hong Kong area were made a variety of
polluted air masses (Figure 11). At higher altitudes, the aircraft intercepted air of largely tropical
origin at several locations, with low trace gas mixing ratios (average CO=77 ppbv; average
CH,=1746 ppbv; average C,H,/CO=0.92). Close to the surface, an air mass with high C,Cl, but
very little CH,CI was sampled, suggesting little combustion input (Figure 11A). This layer has
5-day trajectories extending back to the north and west over China and into Siberia and is
characterized by elevated CO, CH,, and other hydrocarbons (average CH,=1822 ppbv; average
C,H=1877 pptv; average C,Cl,=8.9 pptv; average CH,CI=569 pptv; average C;H,/C,H=0.29).
The majority of the air sampled during the flight is polluted with a complex mixture of
urban/industrial and combustion sources with source trajectories generally from the southwest
across southern China, northern southeast Asia and extending back to India and Africa. Both
C,Cl, and CH;Cl are enhanced (averaging 4.7 and 630 pptv respectively), as well as a suite of
trace gases, and C;Hy/C,H, ratios average 0.14, suggesting that at least several days had elapsed
since emission (Figure 11B).

During the P-3B transit flight 6 from Kona, Hawaii to Wake Island on 27 February, an
extremely thin, well-defined polluted layer was noted at approximately 3 km. The aircraft
intercepted this layer repeated over the entire flight path, suggesting that it was present over a
large geographic region. This air mass is characterized by enhanced levels of both CH,Cl
(averaging 623 pptv), as well as C,Cl, (averaging 5.1 pptv), and had 5 day back trajectories
extending back over Japan and into China (Figure 12). The calculated ACH,/ACO for this air

mass is 0.33, and is consistent with combustion emission ratios. At altitudes of 5 - 6 km, the
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maximum altitude sampled by the aircraft, relatively clean air with largely tropical oceanic back
trajectories was observed, with low CO (average=84 ppbv), CH, (average=1693 ppbv), and other
trace gases (Figure 12A). Dominating the near-surface altitudes sampled and mixing into the
relatively clean air is an air mass with apparently few combustion inputs (Figure 12B). Five-day
back trajectories for much of this relatively well-aged air suggests that it had been over water for
this time, with some flows extending to the east, towards the North America continent. The
calculated ACH,/ACO for this air mass is 1.29, and is consistent with urban emission ratios
(Table 2). The slope for the relationship between CH, and C,H; is unusually high as compared to
others seen during the mission (0.14 ppbv/pptv; Table 2) and the correlation between the two
gases, as well as that between CH, and other hydrocarbons, is unusually low, indicating a well
aged air mass that has lost these shorter-lived gases.

Flying in the vicinity of Kona, Hawaii, the DC-8 aircraft noted extensive pollution layers
with variable trace gas signatures on flight 19 (6 April). Within the boundary layer, elevated CH,
and CO are well correlated and appear to have largely urban/industrial sources; correlation is
poor with CH,Cl, which is relatively low (Table 2). Trajectories suggest that this low level air
had arrived in the region from the west coast of the U.S. after some days over the ocean.
Relatively low CH,Cl in air from North America is consistent with data reported in Blake et al.
(2001) from the tropical Pacific. Air at higher altitudes has trajectories from Indonesia and the
western Pacific, extending back as far as India. The CH,/CO slope in this air mass is roughly
half of that in the boundary layer, likely a reflection both of the more southern origin of the air as
well as some mixed combustion inputs, as seen in other air masses with these types of

trajectories. Upper altitude air appears to be well aged, with an average C,H,/CO ratio of 1.34
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pptv/ppbv and a C;Hg/C,H, ratio of 0.07. Values at low altitude were 1.98 and 0.16 respectively,
indicating more recent hydrocarbon inputs.

Although emission ratios for CH, in specific plumes vary significantly, as shown in
Table 2, 5 day back-trajectories suggest that much of this variability is a result of the two
dominant air flow patterns at this time (Liu et al., this issue). Frontal lifting ahead of
southeastward-moving cold fronts appears to be a major transport pathway moving outflows of
Chinese pollution to the Pacific basin. While this air varies in trace gas characteristics depending
upon its previous transport history, it commonly has relatively low combustion inputs as
indicated by CH,Cl mixing ratios. It also has somewhat higher ACH,/ACO, ACH,/AC,H,, and
ACO/ACO, ratios, and higher or negative ACH,/ACH,CI ratios (Table 2). The other major
transport pathway moving continental air into the Pacific basin at this time is characterized by
deep convection over the southeast Asian region in conjunction with northeastward transport
(Liu et al., this issue). These trajectories tend to carry air masses with enhanced CH,Cl mixing
ratios reflecting the additional inputs of biomass burning occurring in these regions and have
generally lower ACH,/ACO ratios, likely the result of burning inputs of CO. The relationship
between CH, and C,H, displays relatively little variability between plumes and/or transport
pathways (Table 2), suggesting that emission ratios from the dominant sources of fossil fuel
usage and biomass burning at this time are relatively constant. Similarity in source emission
ratios may in part account for the very high correlation between the two gases observed

throughout the region.

5. Changes in CH, with Time: Comparison with PEM - West B
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Part of the rationale behind the TRACE-P mission was to compare measurements over
this region with those made 7 years earlier during PEM - West B (PWB) and to assess any basin-
wide changes as industrialization has proceeded on the Asian continent (Jacobs et al., this issue).
Because a major objective of both the TRACE-P and PWB missions was to sample and
characterize polluted continental outflow to the Pacific, we expect trace gas mixing ratios to be
elevated well above clean background levels. Because this objective was common to both
missions, they should share a similar sampling bias and comparisons between missions should be
possible. As shown in Plate 2, it is clear that significantly different CH, mixing ratios were
sampled during the two missions. Despite the overall change in concentrations and sparcer
geographic coverage however, latitudinal and longitudinal trends similar to those discussed
earlier are apparent in Plate 2 for PWB.

5.1 Trends with Latitude

In the Western Pacific below 2 km, TRACE-P mixing ratios average 21 ppbv above
CMDL background latitudinal means; during PWB this difference was 26 ppbv. As discussed in
Section 4.1, enhancement over background levels is minimal south of 15°N during TRACE-P.
North of 15°N, enhancements were relatively constant and ranged between 27 and 38 ppbv
(Figure 4A). This pattern was somewhat different for PWB, when elevated mixing ratios were
sharply higher between 15 and 25°N, fell somewhat, then increased more gradually with
increasing latitude north. Maximum enhancement over background levels was 57 ppbv between
20 and 25°N. Rather than the broad region of higher concentrations seen during TRACE-P,
elevated CH, levels were focused in a more restricted area. The average enhancement over

CMDL background levels north of 15°N is similar however between the missions; 31 ppbv
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during TRACE-P and 32 ppbv during PWB. Between 5 and 15°N, little enhancement of CH,
over CMDL levels is seen for TRACE-P (Figure 4A). During PWB at these latitudes,
enhancements were larger and averaged 14 ppbv, resulting in the greater enhancements observed
overall for these longitudes.

At Central/Eastern longitudes, average differences between mission and CMDL
latitudinal means are 5 and 16 ppbv for TRACE-P and PWB respectively, suggesting that
enhancement over background during PWB may have somewhat greater than during TRACE-P.
For PWB however, this average difference is based on only 2 latitudinal classes where mission
data and the Pacific CMDL site locations (5° latitude means) overlap. However, as Figure 16B
suggests, we can linearly extrapolate with only nominal errors between the CMDL 5° latitude
means for latitudes with PWB data but without CMDL sites (35-40°N, 40-45°N, and 50-55°N).
Using these extrapolations, the average PWB enhancement over Central/Eastern longitudes was
23 ppbv. Elevations over CMDL values were modest north of 40°N (2 - 6 ppbv), but between
35-40°N are sharply higher, 78 ppbv. During TRACE-P, enhanced levels decrease with
increasing latitude north between 15 and 35°N, from 13 to -3 ppbv, and as for West longitudes,
lack sharp differences between latitudes.

Figure 13 compares latitudinal trends in CH, for the two missions in both the Western
Pacific and Central/Eastern Pacific. Comparisons between missions are best for the Western
Pacific where data for both missions was collected more intensely and there is greater temporal
and spatial overlap. On average in the near-surface at these longitudes, CH, mixing ratios during
TRACE-P are 27 ppbv greater than those of PWB, ranging from 11 to 47 ppbv. The smallest

difference is observed between the latitudes of 20 and 25°N where CH,, inputs are high during
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PWB and the greatest enhancement over CMDL clean air levels is seen. Average near-surface
differences between missions for other hydrocarbons are negative, with PWB mixing ratios
higher than those for TRACE-P; by 209 pptv for C,H, 138 pptv for C,H,, and 222 pptv for C;Hs.
Although the several week offset in timing between the two missions may contribute to these
differences, we would expect that it would be opposite in sign, with PWB concentrations less
than TRACE-P.

Latitudinal trends for C,H, and C,Cl, in the West Pacific for the two missions are shown
in Figure 14. Near-surface ethane levels at latitudes south of 20°N appear to be quite similar
between missions while greater mixing ratios between 20 and 25°N and north of 35°N are
observed during PWB (Figure 14A). Mixing ratios of C,Cl, are also strikingly higher in the
near-surface of PWB, by an average of 10.7 pptv, while those for CH,Cl are almost identical,
differing by an average of only 2 pptv. These differences may suggest that PWB observed
greater anthropogenic inputs in this region than during TRACE-P and comparable combustion
inputs (Figure 14A). However, significant differences in the usage of C,Cl, occurred between
the two missions, accounting for at least part of this change (McCulloch, et al., 1999; U.S. EPA,
1994; Schettler et al., 1999). Differences in trace gases are also likely to reflect any sampling
bias between the missions. Although many of the objectives of the expeditions were similar,
they were not identical and the execution of objectives no doubt varied.

In the mid-troposphere, between 2 and 6 km (Figure 14B), average PWB NMHC and
C,Cl, levels are also greater than those of TRACE-P, although average differences are smaller
than those below 2 km (182 pptv C,H,, 47 pptv C,H,, 115 pptv C;Hg, and 6.6 pptv C,Cl,).

Latitudinal CH, means are on average 29 ppbv higher for TRACE-P, similar to the difference
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seen in near-surface values, and CH,Cl is again comparable. Above 6 km (Fig. 14C), the trend of
decreasing differences continues and average NMHC mixing ratios from TRACE-P are greater
than those of PWB, although differences themselves are relatively small (81 pptv C,Hg, 40 pptv
C,H,, 32 pptv C;H;). TRACE-P mixing ratios of C,Cl, were still somewhat lower (2.8 pptv),
while CH, differences were greater, 39 ppbv. As seen in Figure 14, average C,H, and C,Cl,
mixing ratios within the Western Pacific are highly correlated for both missions.
5.2 Trends with Altitude

As shown in Figure 15, average altitude profiles during PWB for CH, and a variety of
other hydrocarbons appear to be quite similar to those seen in TRACE-P (Figure 8) and the high
correlation between CH, and these gases was also present during the mission. As for TRACE-P,
coefficients of determination are high for the relationships between these trace gases
(ACH,/ACO=0.74, r*=0.79; ACH,/AC,H,=0.046 ppbv/pptv, r’=0.91; ACH,/AC,Cl,,=4.56
ppbv/pptv, r’=0.85). The relationship between CH, and C,H; is identical to that of TRACE-P,
but the PWB regression slopes for CH, and CO and for CH, and C,Cl, differ, consistent with the
hypothesis that greater urban/industrial inputs may have been sampled during PWB. The
regression slope of CH, with CO is steeper in PWB (0.74 vs. 0.58 for TRACE-P) and that with
C,Cl, is shallower (4.56 vs. 7.37 ppbv/pptv for TRACE-P), reflecting higher C,Cl, inputs and the
relatively CH,-enriched emissions from urban sources as compared to biomass or biofuel
burning.
5.3 Regional Comparisons

Plates 1 and 2 highlight the significant difference in overall CH, levels observed across

the Pacific Basin over a 7 year time interval. These differences however, include contributions
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from any seasonal disparities between the mission and changes in the global background levels,
as well as any possible meteorological variability and source changes. In order to examine any
air quality changes due to industrialization and land use change, we must account for these other
contributions.

Although TRACE-P and PWB were conducted at roughly the same time of year, they
were offset by several weeks, a concern for a trace gas such as CH, with a significant seasonal
cycle. Monthly averages based on CMDL Pacific background air samples (Figure 16A) suggest
that this source of variability is relatively small for CH,, but that the increase over the 7 years
between the missions is large. Although there can be significant longitudinal variability in CH,,
as shown above in Section 4.3, longitudinal variability in background levels for a long-lived trace
gas such as CH, is much smaller than that due to differences in the latitudinal distribution of
sources (Dlugokencky et al., 1994). To derive an estimate of the background change, we
calculate seasonally-weighted average CH, mixing ratios for the CMDL Pacific sites for the
duration of the missions from monthly averages. To reduce site-specific variability, these
averages were grouped into 5° latitude classes. As shown in Figure 16B, these mission averages
suggest a relatively constant latitudinal difference between CMDL clean air values between the
PWB and TRACE-P time periods over the domain of most interest between 10°N and 40°N, with
perhaps a somewhat smaller difference above 30°N. Latitudinal variability in background
differences may in part be due to differential growth in source types. Between 50°S and 30°N,
differences in CMDL background levels range from 12 to 55 ppbv and average 41 = 7 (1o).
Similar calculations for background sites outside of the Pacific basin yield comparable

differences and average 31 + 14 ppbv (data not shown; 90°S - 30°N). Using all the CMDL
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background sites, we derive a global background difference of 38 + 6 ppbv for latitudes south of
30°N between the two missions. Above 30°N, differences average 25 + 10 ppbv in the Pacific
and 29 + 14 ppbv for non-Pacific sites, yielding a global average of 27 + 12 ppbv. Although
lower latitude sites in the Pacific basin tend to have slightly higher differences between missions,
suggesting perhaps that sources may have increased there more than in other regions, these
differences are not statistically significant.

Assuming that the meteorological setting of the two missions is roughly similar, as
indicated by Fuelberg et al. (this issue), and that transport of continental outflows were
comparably sampled, calculations based on the observed changes in background mixing ratios
suggest that the average changes in CH, seen between missions, on the order of 30 - 40 ppbv
(Section 5.1), are likely to be largely a result of an increasing background rather than an
additional change in emissions due to changing land use and/or industrialization. Methane is a
long-lived trace gas so that upper altitude concentrations should reflect those at surface-level
since rates of mixing are rapid relative to those of photochemical loss. This assumption seems
reasonable since differences between missions at 2 - 6 km and above 6 km are similar to those in
the well mixed boundary layer. The high correlation observed for both missions between CH,
and other hydrocarbons such as C,Hg, not thought to have significant long-term background
trends because of their shorter atmospheric lifetimes, may however, provide an additional way to
examine the change in CH, at all altitudes between the two missions.

In Figure 17, we show the correlation between differences in CH, and C,H, between
PWB and TRACE-P for highly averaged spatial data. The data used to calculate differences are

1 km altitude means for 6 large geographic regions, the broad latitude and longitude classes
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discussed previously (south of 20°N, 20 - 40°N, north of 40°N and either east or west of 160°E).
As shown in Figure 17 and discussed above, variability in CH, and C,H, between PWB and
TRACE-P are highly correlated. Based on this relationship and the assumption that there is little
long-term change in C,Hj, the y-intercept yields an estimate of the change in CH, between the
missions. For all of the data shown in Figure 17, this value is 38 ppbv (r’=0.79, n=53), and the
ACH,/AC,H=0.041 ppbv/pptv, in agreement with the relationship between these gases observed
in specific plumes and in spatial averages. This calculation is complicated however, by the
presence of a seasonal cycle in C,H, and the seasonal offset between the two missions. For the
relatively long-lived CH,, this is a minor effect (Figure 16A), in part because seasonal variability
is only a fraction of a large background. For the shorter-lived hydrocarbons, however, it is a
more significant concern. Seasonal variability in C,H, is greatest in the high northern latitudes
(Rudolph, 1995), a function both of greater seasonal changes in the atmospheric OH sink in the
north and the latitudinal distribution of sources. It should also be greatest at lower altitudes,
where variability is higher. Here, we can partially take the seasonal cycle and the several week
offset between the missions into account by only using data from the <20°N and 20 - 40°N
latitude classes. Restricting the data in Figure 17 in this way demonstrates that much of the
variability seen for negative C,H, change between missions (PWB higher than TRACE-P) occurs
north of 40°N. The largest of these negative values are observed at altitudes below 3 km. The
correlation between changes in CH, and C,H, is improved by eliminating the higher latitude data,
yielding a coefficient of determination (*) of 0.92, but results in little alteration in the calculated
CH, change “offset” which remains 38 ppbv, because the relationship for all of the data is driven

largely by these lower latitude values. The ACH,/AC,H=0.052 ppbv/pptv, somewhat higher
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than for the data as a whole (0.041), but is still within observed values.

Dispersion along the regression line in Figure 17 is an indirect measure of spatial
variability between the missions, since we would expect points to form a cluster at 0 change for
C,H, and roughly 38 ppbv for CH, if geographic regions were perfectly paired. Note that for
C,H,, positive and negative mission differences are roughly equal and average a non-significant
-41 £+ 296 pptv, indicating that there was little sampling bias, such as a disproportionate sampling
of plumes, between the missions. These calculations of course, shed little light on any effects of
sampling bias on the regional representativeness of the observations.

Similar calculations for changes between missions in CH, and C,H, yield a “change
offset” of 34 ppbv (r*=0.73, n=53, ACH,/AC,H,=0.074 ppbv/pptv for all of the data, and 36
ppbv, r’=0.81, ACH,/AC,H,=0.089 ppbv/pptv, n=37, for data south of 40°N). For CH, and C,Hj,
this value is 41 ppbv for all data (r*=0.66, n=53, ACH,/AC,H,=0.060 ppbv/pptv) and 41 ppbv
(*=0.84, n=37, ACH,/AC,H=0.097 ppbv/pptv) for data south of 40°N. The small decrease in
correlation coefficient from C,H, to C,H,, and C,Hj is likely a reflection of the increasing
difference in atmospheric lifetime between CH, and the hydrocarbons as the shorter-lived
hydrocarbons begin photochemical loss within a few days and source emission ratios are altered
from their original values. Seasonal cycles also differ somewhat between the hydrocarbons as
the shorter-lived gases decrease more rapidly in spring (Blake et al., this issue).

Although we expect that the close correlation between CH, and the other hydrocarbons
has a functional basis since they are linked through many of their sources, we can undertake
similar calculations for the well-correlated changes between missions of C,Cl,, using C,H, as a

baseline for an anthropogenic source with little long-term change. In this case, C,Cl, is lower
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during TRACE-P than PWB, yielding a change offset of -4.9 pptv for the data as a whole
(’=0.74, n=53, AC,C1,/AC,H,=0.010). Excluding the northernmost latitude class in this case
results in a decrease in the explained variability (C,Cl, change offset=-6.2 pptv; 1’=0.43, n=37,
AC,Cl,/AC,H,=0.121). Explanation for this difference is likely to lie in the northerly distribution
of C,Cl, sources.

Correlations between changes between missions in CH, and other correlated trace gases
such as CO can also be calculated. For CO, the relationship between the two is not as strong, in
part because major sources such as combustion and fossil fuel use vary in their CH,/CO ratios.
Differences between missions yield a “change offset” for CH, of 29 ppbv (1*=0.55, n=53,
ACH,/ACO=0.45), lower than calculated with the hydrocarbons, and suggest that either the
relative mix of sources may be different between the two missions, as discussed in Section 5.3,
or that the assumption of little to no long-term change in CO is invalid. Restricting the data to
latitudes south of 40°N improves the correlation between CH, and CO (CH, offset=31 ppbv,
"=0.70, n=39, ACH,/AC0=0.58), probably due to latitudinal differences in the CO seasonal
cycle as for C,H,. Calculations using changes in C,H,/CO ratios and CH, yield values in
agreement with those using hydrocarbons (y-intercept=36 ppbv, r’=0.81, n=53,
ACH,/AC,H,/CO=18.8), probably largely due to the correlation with C,H,. Restricting the data
to latitudes south of 40°N makes relatively little change (CH, offset=35 ppbv, r’=0.84, n=39,
ACH,/AC,H,/CO=19.3).

Agreement between the various hydrocarbons for estimating a basin-wide mission
difference in CH, is excellent and their consistency with the calculated background change

derived from CMDL surface data both confirms the assumption that there is little long-term
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change in the NMHCs as well as the conclusion that changes in Asian industrialization and land
use over the last 7 years are not reflected in obvious additional changes in levels of CH,
throughout the air column. Given the relatively long atmospheric lifetime of CH, this may not be
an unexpected finding since changes in emissions are integrated into background levels and the
response time of atmospheric mixing ratios to changes in emissions is fairly rapid (see for

example, Tans, 1997).

Summary

The high-resolution, high-precision CH, data set collected during TRACE-P over the
Asian spring highlights the importance of continental outflow to the North Pacific Basin at this
time. Trace gas ratios (ACH,/ACO) and source-specific tracers such as C,Cl, for urban/industrial
sources, and CH,Cl for combustion, indicate that these outflows are complex mixtures of trace
gases from a variety of sources that are rapidly carried into the basin by the strong westerly
transport characteristic of this time of year (Fuelberg et al., this issue). Five-day trajectories
calculated for elevated trace gases in plume layers suggest that sources as far upwind as Africa,
India, Southeast Asia, and Siberia make contributions to the pollution observed during the
mission. Trajectories from the south and west (Africa, India, Southeast Asia) tend to carry trace
gas signatures indicating higher inputs from combustion sources than those from the northwest
(Siberia, northern China). Overall, the high correlations between spatially averaged CH, mixing
ratios and those of C,H, and other hydrocarbons, as well as C,Cl,, indicate that urban/industrial
sources dominate regional inputs. Comparisons between measurements made during TRACE-P

and those of PEM - West B, flown during roughly the same time of year and under a similar
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meteorological setting 7 years earlier, suggest that although the TRACE-P CH, observations are
significantly higher, the changes largely parallel the changes seen in clean, background air over
this time interval. Although clearly significant changes in population, land use, and
industrialization have occurred between the two missions, these comparisons would imply that
any regional emission changes are difficult to isolate from those upwind and are not reflected in
basin-wide changes in CH, levels over and above the changes already included in the baseline

rise of this long-lived trace gas.
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Figure and Plate Captions:

Figure 1: A) Correlation between DACOM and UCI CH, measurements for “simultaneous” 1
min merged data. Solid squares denote data with differences > 2 o.
B) Frequency distribution of differences between DACOM and UCI CH, data.

Figure 2: All TRACE-P data above 6 km. Open squares are observations classified as having a
significant stratospheric input.

Figure 3: Frequency distribution for all TRACE-P data by altitude.

Figure 4: A) Latitudinally averaged CH, mixing ratios in the Western Pacific (west of 160°E), 5°
latitude classes. Averaged CMDL values are for Pacific basin sites only and are means of
5° latitude.

B) As for Figure 4A, Central/Eastern Pacific (east of 160°E).

Figure 5: Longitudinally averaged CH, mixing ratios by latitude class. Dashed line at 160°E
marks the break between the Western Pacific longitude class and the Central/Eastern
Pacific class.

A) North of 40°N; B) 20°N - 40°N; C) South of 20°N.

Figure 6: As for Figure 5B, averages with longitude within 20°N - 40°N. A) CO; B) C,H;; C)
C,H,; D) C,Cl,; and E) CH,CI.

Figure 7: Average altitude profiles by latitude class. For the Western Pacific (west of 160°E): A)
CH,; B) C,H; C) C,Cl,; D) CH,CI; E) CO. For the Central/Eastern Pacific (east of
160°E): F) CH,; G) C,H,; H) C,Cl,; I) CH,CI; J) CO.

Figure 8: Average altitude profiles for CH, and selected hydrocarbons, 20°N - 40°N; 20°
longitude classes. A) 100-120°E; B) 120-140°E; C) 140-160°E; and D) 160-180°E.

Figure 9: Shanghai plume, DC-8 Flight 13. Triangles: CH,; Crosses: CH,Cl.

Figure 10: Methane mixing ratios during DC-8, Flight 10. For CH, - Open circles: above ~ 5
km; Solid circles: below ~ 5 km. For CH;Cl - Open triangles: above ~ 5 km; Solid
triangles: below ~ 5 km.

Figure 11: Methane mixing ratios for air masses sampled during P-3B Flight 9. A) CH, and
CH,CI; B) CH, and C,Cl,. Solid squares: Air with tropical trajectories; Crosses: Near-
surface plume; Open squares: Air with southwest trajectories.

Figure 12: Methane mixing ratios for air masses sampled during P-3B Flight 6. A) CH, and
CO; B) CH, and CH,CI. Open squares: Tropical oceanic trajectories; Open triangles:
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plume at 3 km; Solid squares: near-surface pollution.

Figure 13: Latitudinal trends by longitude class and altitude for PEM - West B and TRACE-P.
A)0-2km;B)2-6km;and C)> 6 km.

Figure 14: Latitudinal trends with altitude in the West Pacific (west of 160°E) for ethane (C,Hy)
and perchloroethene (C,Cl,). A) 0-2 km; B) 2 - 6 km; and C) > 6 km.

Figure 15: PEM - West B average altitude profiles for CH, and selected hydrocarbons, 20°N -
40°N; 20° longitude classes; as for Figure 8 for TRACE-P. A) 100-120°E; B) 120-
140°E; C) 140-160°E; and D) 160-180°E.

Figure 16: A) Monthly average CH, mixing ratios for Pacific Basin CMDL sites during the PEM
- West B and TRACE-P missions, by latitude. Elevated values at 36.7°N are for the Tae-
ahn Peninsula, Korea, known to have high CH, levels.

B) As for A, but averaged for the duration of the missions and grouped into 5° latitude
classes.

Figure 17: Differences in spatially averaged CH, and C,H, mixing ratios between PEM - West B
and TRACE-P. Data are 1 km altitude averages for three latitude classes (north of 40°N,
20°N - 40°N, south of 20°N) and two longitude classes (west of 160°E and east of 160°E).
Open squares: North of 40°N; solid squares: 20°N - 40°N and south of 20°N.

Plate 1: Regional distribution of CH, during the TRACE-P expedition; O - 2 km, 2 - 6 km, and
above 6 km. Data were grouped into 2.5° latitude x 2.5° longitude areas then averaged.
Number of observations within areas vary.

Plate 2: Regional distribution of CH, during PEM - West B, as for Plate 1.



Table 1: TRACE-P Regional Characterization for Selected Trace Gases; average values for broad longitude, latitude, and altitude classes.

Longitude Latitude | Altitude, | CO, CH,, CO,, c,Cl,, CH,CI, C,H,, C,H,, C,H,, C,H,/CO,
km ppbv ppbv ppmv pptv pptv pptv pptv pptv pptv/ppbv
West <20°N 0-2 187 1803 374 7.0 608 1385 579 290 2.4
(<160°E)
2-6 102 1764 372 3.1 566 685 155 63 1.4
>6 96 1760 37 2.4 578 610 122 60 1.2
20°-40°N | 0-2 232 1838 377 14.5 592 2111 790 716 3.2
2-6 156 1793 374 6.5 576 1362 410 294 2.3
>6 120 1768 372 3.1 578 798 227 109 1.7
> 40°N 0-2 202 1844 378 11.3 546 2249 700 779 3.5
2-6 169 1817 376 9.9 551 1815 520 516 3.0
>6 163 1821 376 10.9 541 1900 500 567 3.0
Central/East | <20°N 0-2 123 1798 374 5.8 543 1070 187 115 1.5
(> 160°E)
2-6 135 1775 373 3.9 578 897 277 90 1.9
>6 76 175 371 0.8 546 496 71 21 0.9
20°-40°N | 0-2 137 1798 374 7.2 547 1362 304 274 2.1
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2-6 126 1773 373 4.6 565 1008 248 141 1.8
>6 124 1774 373 3.7 574 892 260 109 1.8
> 40°N 0-2 134 1824 374 7.7 534 1489 380 453 2.8
2-6 137 1818 374 10.0 556 1428 412 376 2.6
>6 178 1819 374 6.6 612 1426 609 311 3.1

40
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Table 2: Correlations between Selected Trace Gases in Plumes; slopes (Ay/Ax) and coefficients of determination (r*). Variables are given as y:X.
Correlations below the 95% significance level are denoted as NS (not significant). Number of data points used in a regression are given as N for
regressions of CH, with CO or CO, and N, for regressions with halocarbons and other hydrocarbons. Predominant transport pathways based on 5 day
back-trajectories denoted as “NW” (generally across China from the northwest, extending back to central Asia or Siberia) or “SW” origin (generally

across southern China from the southwest, extending back to SE Asia, India, the Middle East, or Africa).

Flight Air Mass CH,:CO, CH,:CO,, CH,:.C,H,, | CH,.C,H,, | CH,:C,H,, | CH,:C,Cl,, | CH,:CH,CI, | CO:CO,, C,H,:CO
ppbv:ppbv | ppbv:ppmv | ppbv:pptv | ppbv:pptv | ppbv:pptv | ppbv:pptv | ppbv:pptv | ppbvippmv | pptv:ppbv
DC-8, #13 | Shanghai; N=47, N,,.=37; 0.22 8.84 0.052 0.021 0.052 1.65 0.16 37.5 5.62
China/NW origin (0.90) (0.57) 0.84) |08 |@©.73) |(0.73) (0.81) (0.71) (0.85)
DC-8, #10 | near-surface; N=148, N,,.=62; |0.39 13.6 0.051 0.123 0.087 7.68 1.20 28.5 7.48
NW origin (0.75) (0.86) (0.76) (0.88) (0.34) (0.81) (0.43) (0.91) (0.55)
above ~4 km; N=257, 0.38 8.67 0.048 0.093 0.190 9.32 0.33 22.3 6.61
N,=131; SW origin (0.48) (0.37) (0.40) (0.42) (0.42) (0.42) (0.41) (0.75) (0.83)
P-3,#9 tropical; N=102, N;,=33 0.24 NS 0.028 NS NS NS NS NS 3.94
(0.48) (0.04) (0.45)
Hong Kong outflow; N=267, 0.22 12.8 0.043 0.052 0.148 7.47 0.38 51.9 5.55
N,=117; SW origin (0.69) (0.81) (0.82) (0.66) (0.82) (0.62) (0.59) (0.90) (0.89)
near-surface plume; N=93, 0.45 12.6 0.035 0.083 0.049 7.56 -0.66 14.0 17.4
N,=55; NW origin (0.49) (0.94) (0.92) (0.81) (0.89) (0.94) (0.69) (0.46) (0.57)
P-3, #6 plume at 3 km; N=171, 0.33 19.4 0.064 0.086 0.212 10.71 0.436 66.8 3.97
N, =88; NW origin (0.72) (0.41) 0.52)  [(0.67) |@©21) |(0.37) (0.63) (0.73) (0.74)
generally low altitude; N=126, | 1.29 30.2 0.136 0.228 0.481 29.9 -1.07 15.5 5.68
N,,=65; aged marine (0.64) (0.37) 0.40) | (0.11) | (0.24) |(0.47) (0.11) (0.26) (0.52)
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DC-8, #19 | near-surface plume; N=248, | 0.62 16.46 0050 [0.148 [0.126 |8.01 NS 20.50 9.53
N, =142; NW origin (0.70) (0.82) 0.70) | (0.58) |(0.52) |(0.80) (0.71) (0.61)
above ~ 5 km; N=306, 0.33 12.16 0.048 [0.106 |0292 |10.58 NS 32.3 7.23
N, =159; SW origin (0.73) (0.83) 0.79)  |(0.62) |©.71) |(0.71) (0.91) (0.90)

DC-8, #14 | Low altitude plume; N=203, | 0.71 12.4 0051 |0.132 |0.104 |6.98 NS 16.2 12.8
N, .=108; NW origin (0.72) (0.72) 0.82) |(0.68) |(0.75) |(0.75) (0.94) (0.76)
plume at higher altitude; 0.34 13.8 0078 0073 |0210 |8.12 0.40 34.9 4.56
N=350, N,;,.=192; SW origin | (0.39) (0.39) 0.67)  |(0.33) |(0.44) |(0.50) (0.21) (0.80) (0.65)

DC-8, #12 | low altitude plume; N=50, 0.31 8.64 0.048 [0.048 [0.069 [4.87 0.18 27.8 6.39
N,,.=30; China/NW origin (0.93) (0.91) 0.97) (094 |0.93) |(0.95) (0.78) (0.96) (0.93)

P-3B, #19 | plume at 2.5-3.5 km; N=61, | 0.21 10.17 0.038 |0.060 |0.095 |8.75 0.50 39.3 3.72
N, =37; SW origin (0.84) (0.63) 0.58) |(0.70) | (0.62) | (0.67) (0.43) (0.48) (0.64)
near-surface; N=195, N, .=91; |0.27 6.37 0.044 [0.064 [0052 |1.66 0.66 20.42 NS
NW origin (0.84) (0.60) 0.83)  [(0.79) | ©.71) |(0.39) (0.73) (0.52)
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